Retrovirus-mediated transduction of Hoxb4 enhances hematopoietic stem cell (HSC) activity and enforced expression of Hoxb4 induces in vitro development of HSCs from differentiating mouse embryonic stem cells, but the underlying molecular mechanism remains unclear. We previously showed that the HSC activity was abrogated by accumulated Geminin, an inhibitor for the DNA replication licensing factor Cdt1 in mice deficient in Rae28 (also known as Phc1), which encodes a member of Polycomb-group complex 1. In this study we found that Hoxb4 transduction reduced accumulated Geminin in Rae28-deficient mice, despite increasing the mRNA, and restored the impaired HSC activity. Supertransduction of Geminin suppressed the HSC activity induced by Hoxb4 transduction, whereas knockdown of Geminin promoted the clonogenic and replating activities, indicating the importance of Geminin regulation in the molecular mechanism underlying Hoxb4 transduction-mediated enhancement of the HSC activity. This facilitated our investigation of how transduced Hoxb4 reduced Geminin. We showed in vitro and in vivo that Hoxb4 and the Roc1 (also known as Rbx1)-Ddb1-Cul4a ubiquitin ligase core component formed a complex designated as RDCOXB4, which acted as an E3 ubiquitin ligase for Geminin and down-regulated Geminin through the ubiquitin-proteasome system. Down-regulated Geminin and the resultant E2F activation may provide cells with proliferation potential by increasing a DNA prereplicative complex loaded onto chromatin. Here we suggest that transduced Hoxb4 down-regulates Geminin protein probably by constituting the E3 ubiquitin ligase for Geminin to provide hematopoietic stem and progenitor cells with proliferation potential. R etrovirus-mediated transduction of Hoxb4 has been shown to enhance activities of hematopoietic stem cells (HSCs), including self-renewal capacity in vivo and ex vivo in mice and humans (1) (2) (3) . Moreover, enforced expression of Hoxb4 induces in vitro development of HSCs from differentiating mouse embryonic stem cells on OP9 stroma, suggesting that Hoxb4 also promotes developmental maturation of HSCs (4) . It has therefore been anticipated that Hoxb4 can aid the development of a technological procedure for preparing a sufficient number of HSCs ex vivo (5, 6) as well as elucidate the molecular mechanism supporting HSC activity. Hox genes are widely conserved and share a homeobox encoding the homeodomain. Because the homeobox was ascertained to provide a sequence-specific DNAbinding activity, Hox genes have long been believed to specify antero-posterior positional identity through their transcriptional regulatory activity (7) . Hoxb4 with an N-to-A substitution at amino acid 212 within helix 3 of the homeodomain (Hoxb4N > A) lacks DNA-binding capacity and it cannot enhance HSC activity (8) . This has supported the hypothesis that Hoxb4 enhances HSC activity through its transcriptional regulatory activity. It has been further reported that Hoxb4 transcriptionally activates c-Myc (also known as Myc) (9) and down-regulates genes involved in TNF-α and FGF signaling in bone marrow cells (BMCs) (10) . The molecular mechanism underlying Hoxb4-mediated activation of HSCs, however, currently remains insufficiently understood.
Rae28 and Bmi1, members of Polycomb-group (PcG) complex 1, have been shown to be essential for sustaining HSC activity (11, 12) . PcG complex 1 maintains the transcriptionally repressed state of Hox genes through ubiquitination of histone H2A at lysine 119 (13) , and Hoxb4 is one of the downstream targets for PcG complex 1 during early development (14) . It is, however, presumed that Hoxb4 does not act as a downstream mediator for PcG complex 1 in sustaining HSC activity because Hoxb4 expression was not affected in hematopoietic cells deficient in Rae28 and Bmi1 (11, 12) . Bmi1 was shown to maintain HSC activity through direct repression of the INK4a locus encoding the p16 cyclin-dependent kinase inhibitor and p19ARF (12, 15) as well as through direct interaction with E4F1 (16). p19ARF and E4F1 are known to regulate p53 through ubiquitination (17, 18) . On the other hand, we recently demonstrated that PcG complex 1, consisting of Ring1B, Bmi1, Rae28, and Scmh1, functions as an E3 ubiquitin ligase for Geminin, an inhibitor of DNA replication licensing factor Cdt1 (19) , and that abnormal accumulation of Geminin impairs HSC activity in Rae28-deficient (Rae −/− ) mice (20) . In this study, we find that the impaired HSC activity in Rae −/− fetal liver cells (FLCs) was genetically complemented by Hoxb4 transduction and provide evidence suggesting that Hoxb4 acts as an E3 ubiquitin ligase for Geminin through the direct interaction with the Roc1-Ddb1-Cul4a ubiquitin ligase core component to regulate the protein's stability. Subsequently, down-regulated Geminin, in conjunction with its E2F activation, may facilitate DNA replication licensing to provide cells with proliferation potential (19) . Geminin is further known to regulate chromatin remodeling (21) and transcription (22, 23 (Fig. 1A) . Although Cul4a expression was predominant in lymphoid cells, that in HSC and progenitor subpopulations is presumed to be functionally significant because the HSC activity was reportedly defective in the heterozygous Cul4a-deficient mice (24) . Because the yeast two-hybrid analysis with Hoxb4 as bait and Cul4a as prey clearly suggested that Hoxb4 directly interacts with Cul4a ( Fig. S1A ) similarly to Hoxa9 (25), we examined whether Hoxb4 forms a complex (designated as RDCOXB4) with Roc1-Ddb1-Cul4a in a cell line derived from the human kidney cells, HEK-293 cells (HEK-293), transfected with Flag-tagged Hoxb4. Roc1, Cul4a, and Ddb1 were detected in the immunoprecipitates prepared with an anti-Flag antibody (Fig. 1B) , indicating that exogeneous Hoxb4 formed the RDCOXB4 complex in HEK-293. The similar complex formation was observed in a Hoxb4-transduced myeloid cell line, 32D cells (32D) (Fig. S1B ). The RDCOXB4 complex may directly interact with Geminin because the yeast twohybrid and immunoprecipitation analyses showed that Hoxb4 interacted with Geminin through the homeodomain ( showed that accumulated Geminin gave rise to HSC deficiency in Rae −/− FLC, we next examined the effect of Hoxb4 transduction on Geminin. Although Geminin mRNA was increased by Hoxb4 transduction as similar to mRNAs for Cdt1 and Cyclin A2, target genes for E2F (Fig. S2E ), cell sorting analysis showed that Geminin protein was significantly reduced by Hoxb4 transduction in each phase of the cell cycle (Fig. 2B ). Down-regulation of Geminin protein was also detected in Lin + , KSL, and CD34 − KSL subpopulations of Hoxb4-transduced BMCs (Fig. S3 ). Down-regulation of Geminin protein was further confirmed by immunoblot analysis in Hoxb4-transduced BMCs and 32D where the mRNA and S-phase cells were increased (Fig. 2C and Fig. S1 C-F) .
Effect of Geminin on Hoxb4-Mediated Hematopoietic Induction. To examine whether down-regulation of Geminin protein is involved in the molecular mechanism underlying the Hoxb4-mediated hematopoietic induction, we examined the effect of Geminin on Hoxb4-transduced BMCs. BMCs were first transduced with Hoxb4 by using the murine stem-cell virus vector with the resistance gene for puromycin (MPI) and then were supertransduced by using the MEP vector with either Geminin or destruction box-deleted Geminin (Geminin-DBD), which is resistant to ubiquitination by the anaphase-promoting complex/cyclosome (APC/C) (26) . Geminin protein was reduced by Hoxb4 transduction throughout the cell cycle, and Geminin supertransduction reverted the reduced Geminin protein level to that in control cells (Fig. 3A) . Transduction of Geminin-DBD further up-regulated Geminin A B protein (Fig. 3A) . Geminin and Geminin-DBD transduction efficiently abrogated the clonogenic activity enhanced by Hoxb4 transduction (Fig. S4A) . Geminin transduction also remarkably affected the replating, LTC-IC, and LTR activities enhanced by Hoxb4 transduction (Fig. 3B and Fig. S4 B and C) . On the other hand, siRNA-mediated Geminin knockdown did not affect cell cycling (Fig. S5 A and B) but clearly promoted clonogenic and replating activities (Fig. 3C and Fig. S5 C and D) . We further observed that the enhanced clonogenic activity was suppressed by restoration of Geminin (Fig. S5 E and F) , confirming that the effect of the siRNA was mediated by specific down-regulation of Geminin. These findings indicated that Geminin down-regulation is crucial for Hoxb4-mediated induction of the HSC activity.
Effect of Hoxb4 on Geminin in HEK-293. We next examined the molecular mechanism of how Hoxb4 transduction down-regulated Geminin protein. Transient transfection of Hoxb4 reduced endogeneous Geminin protein in HEK-293 (Fig. 4A ) despite increasing the mRNA (Fig. S6A) , whereas the reduction was completely suppressed by treatment of MG132, an inhibitor of proteasome (Fig. 4A) . Geminin down-regulation in Hoxb4-transduced BMCs and 32D was also suppressed by MG132 treatment (Fig. 2C and Fig. S1F ). Pulse-chase-labeled Geminin with [ 35 S]methionine was shown to be destabilized in Hoxb4-transduced HEK-293 (Fig. S6B) . Cul4a overexpression induced down-regulation of Geminin protein synergistically with Hoxb4 (Fig. S6C) . siRNA-mediated knockdown of Cul4a eliminated the downregulating effect of Hoxb4 on Geminin protein (Fig. 4B) , which facilitated our examination of the involvement of Cul4a in Hoxb4-mediated Geminin regulation. Mobility-shifted Geminin bands were detected in extracts from HEK-293 cotransfected with Geminin, hemagglutinin (HA)-tagged ubiquitin (HA-Ub), and Hoxb4 or Cul4a in the presence of MG132 (Fig. S7A) . Mobilityshifted Geminin bands were confirmed to be ubiquitin-conjugated Geminin by means of immunoprecipitation analysis (Fig. S7B) . Ubiquitination of Geminin-DBD through Hoxb4 was similar to that of Geminin (Fig. S7A) , suggesting that the Hoxb4-mediated ubiquitination was independent of APC/C. The above-mentioned findings support a hypothesis that transduced Hoxb4 down-regulates Geminin protein through the ubiquitin-proteasome system (UPS) with the RDCOXB4 complex as the E3 ubiquitin ligase.
Reconstitution of E3 Ubiquitin Ligase Activity of RDCOXB4 for
Geminin. To determine the E3 ubiquitin ligase activity of the RDCOXB4 complex for Geminin, we reconstituted the recombinant protein complex in Spodoptera frugiperda insect cells, named Sf9. Sf9 were coinfected with baculoviruses including His6-Roc1, Ddb1, Cul4a (27) , and Flag-Hoxb4. Cell extracts were then prepared from Sf9-expressing (His6-Roc1)-Ddb1-Cul4a-(Flag-Hoxb4)[RDCOXB4], which was purified with metal affinity column chromatography. Gel filtration fractionation analysis showed that one of the peak fractions of Flag-Hoxb4 corresponded with the complex with a molecular weight similar to that of the recombinant complex consisting of stoichiometrically determined amounts of the components (260 kDa) (Fig.  S8A) . We also prepared and purified (GST-Roc1)-Ddb1-Cul4a-(Flag-Hoxb4) [RDCOXB4] with glutathione affinity column chromatography (Fig. 5A ). The affinity-purified recombinant RDCOXB4 was then subjected to an in vitro ubiquitination assay with purified bacterially produced recombinant His6-and myctagged Geminin (myc-Geminin). Mobility-shifted Geminin bands were detected in the reaction products (Fig. S8B) . Intensity of the bands increased and mobility also shifted according to dosage of the RDCOXB4 complex and the reaction time. Next, an in vitro ubiquitination assay with biotin-tagged ubiquitin (biotin-ubiquitin) was performed to determine whether the shifted bands corresponded with ubiquitinated Geminin (Fig. 5B ). myc-Geminin was then immunoprecipitated with an anti-myc polyclonal antibody after the reaction, and similar mobility-shifted bands were detected in the immunoprecipitate through biotin-avidin interaction, confirming that the mobility-shifted bands represented ubiquitinated Geminin. The lower two mobility-shifted bands (Fig. S8C) were detectable in the reaction products obtained with methylubiquitin, whereas more mobility-shifted bands were not, indicating that the former corresponded to mono-ubiquitinated Geminin and the latter to Geminin with more elongated ubiquitin chains.
Hoxb4N>A tended to form the RDCOXB4 complex more efficiently and/or stably than did wild-type Hoxb4 (Fig. 5A) . The poly-ubiquitination activity was, however, abrogated by a single amino acid substitution (Fig. 5C) , suggesting that the E3 ubiquitin ligase activity for Geminin of RDCOXB4 was mediated by a homeodomain in Hoxb4, which provides an interaction domain with Geminin. These findings clearly showed in vitro that Hoxb4 formed the RDCOXB4 complex and acted as the E3 ubiquitin ligase for Geminin. We also compared E3 ubiquitin ligase activities in GST-Roc1, RDOXB4(-Cul4a), RDC(-Hoxb4), RCOXB4 (-Ddb1), and RDCOXB4 ( Fig. 5 A and C) . The mobility-shifted bands for poly-ubiquitinated Geminin were undetectable in GSTRoc1, RDOXB4(-Cul4a), RDC(-Hoxb4), and RCOXB4(-Ddb1) although those for mono-ubiquitinated Geminin were detectable (Fig. 5C) . Even in the absence of either Cul4a or Ddb1, GST-Roc1 interacted with Hoxb4 but displayed mono-ubiquitination activity only for Geminin (Fig. 5C) . Each of the RDCOXB4 members may thus be required for an effective induction of poly-ubiquitination. To eliminate the possibility that Geminin was ubiquitinated by contaminated APC/C, we confirmed that a similar activity occurred in Geminin-DBD (Fig. S8D) . We also examined ubiquitination of each of the RDCOXB4 members in the reaction products. The RDCOXB4 complex itself may thus also be subjected to self-ubiquitination (Fig. S8E) .
Effect of Hoxb4 Transduction on E2F Activity and Its Target Gene
Expression. Hoxb4 transduction increased mRNA for Geminin, Cdt1, and Cyclin A2 in either Rae +/+ FLC or Rae
FLC, whereas Hoxb4N>A did so less efficiently (Fig. S2E ). Because these genes are under the regulation of E2F (28, 29) , the induction was presumed to be mediated by E2F activation. We next examined the effect of Hoxb4 on E2F activity by means of a transient transfection experiment with an E2F-firefly luciferase reporter plasmid, pE2WTx4-Luc, in HEK-293 (Fig. 6A) (30) . Hoxb4 overexpression induced luciferase activity in a dosagedependent manner, but that of Hoxb4N>A did so less efficiently (Fig. 6A) . Because Hoxb4 transfection reduced Geminin protein through UPS as mentioned above, we examined the effect of Geminin on E2F activity (Fig. 6A) . siRNA-mediated knockdown of Geminin-induced E2F activity and restoration of reduced Geminin by 6myc-tagged Geminin transfection significantly reversed the effect, suggesting that Hoxb4 induced E2F activity at least in part through the direct regulation of Geminin.
Effect of Hoxb4 Transduction on Cdt1 and Mcm2. Finally, we examined by immunoblot analysis the effect of Hoxb4 on Cdt1 in the whole extract (Fig. S2F) as well as in the chromatin fraction (Fig.  6B) . Transduction of Hoxb4 increased Cdt1 in the whole extract (Fig. S2F) , probably through the aforementioned E2F activation, whereas that of Hoxb4N>A increased less efficiently. Similar induction was observed in Cyclin A2 (Fig. S2F) and Mcm2 (Fig. 6B) . Hoxb4 transduction more prominently increased Cdt1 and Mcm2 in the chromatin fraction of Rae −/− FLC (Fig. 6B) , in which chromatin-loaded Cdt1 and Mcm2 were markedly reduced by accumulated Geminin as described previously (20) . The downregulation of Geminin protein was thus presumed to increase chromatin-loaded Cdt1 and Mcm2 either by E2F activation or by relieving the Geminin-mediated direct inhibition of Cdt1, promoting the prereplicative complex formation on chromatin to provide cells with higher proliferation potential.
Discussion
We show here that Hoxb4 directly interacts with Geminin through the homeodomain. Hoxb4 transduction induced formation of the RDCOXB4 complex, which may act as the E3 ubiquitin ligase for Geminin, whereas Hoxb4N>A constituted a similar complex that displayed little of the E3 ubiquitin ligase activity. Although the homeodomain of Hox proteins has long been believed to function as a DNA-binding domain (7), these findings indicate that the homeodomain may provide the RDCOXB4 complex with a recognition domain for Geminin. The involvement of the Roc1-Ddb1-Cul4a ubiquitin ligase core component in sustaining HSC activity is further supported by recently reported genetic evidence that the self-renewal and repopulating capacities, as well as hematopoietic differentiation, were impaired by Cul4a haploinsufficiency (24) , although many target molecules for the Roc1-Ddb1-Cul4a component were reported. Hoxb4 transduction may down-regulate Geminin protein through UPS to relieve the inhibition of Cdt1, and down-regulated Geminin protein may also give rise to E2F activation, which facilitates loading of a DNA prereplicative complex onto chromatin to promote cell cycling. Because E2F activity was reported to be induced by Hoxb4 through the induction of c-Myc as mentioned above (9), Hoxb4 might induce E2F activity through either downregulation of Geminin or up-regulation of c-Myc. Although it remains elusive in our study how down-regulated Geminin induces the E2F activation, the above findings suggest that Geminin by itself negatively regulates the transcription activity of its own promoter because transcription of Geminin is under the regulation of E2F (29) . This may imply that a feedback mechanism plays a role in maintaining homeostasis of Geminin expression in cells. Hoxb4 transduction may thus affect Geminin homeostasis directly and indirectly, i.e., via the ubiquitination of Geminin and also via its effect on the transcription of Geminin to induce the HSC activity.
Although further detailed analysis is required, we propose a tentative model for the molecular mechanism showing how transduced Hoxb4 provides hematopoietic stem and progenitor cells with high proliferation potential on the basis of the findings in our current study (Fig. 7) . Transduced Hoxb4 induces UPSmediated down-regulation of Geminin protein by constituting the RDCOXB4 complex, an E3 ubiquitin ligase for Geminin, which results in augmentation of a prereplicative complex loaded onto chromatin as well as in transcription induction of the E2F target genes involved in DNA replication and cell cycling. The augmented prereplicative complex loaded onto chromatin may provide higher proliferation potential for hematopoietic stem and progenitor cells. As we previously reported, Geminin is highly expressed in CD34 − KSL but is down-regulated in CD34 + KSL, progenitors, and their progeny subpopulations, whereas Cdt1 expression is reciprocal to Geminin expression (20) . Thus, high Geminin expression is presumed to induce CD34 − KSL to maintain quiescence and undifferentiated states through direct interaction with Cdt1 (19) and Brg1/Brahma (21), respectively, whereas down-regulated Geminin may induce cellular proliferation and differentiation in the progeny subpopulations. Although the higher cellular proliferation potential might also help to induce selfrenewal of HSCs, the precise molecular role for Geminin in Hoxb4 transduction-induced self-renewal activation of HSCs remains in- sufficiently understood. Further detailed analysis of Geminin could provide an important clue for elucidating a molecular mechanism that sustains the hematopoietic stem and progenitor cell activity.
Materials and Methods
Animal experiments were done with C57BL6 mice and mice deficient in Rae28 with a congenic genetic background. Plasmids and double-stranded RNAs (Dharmacon-ThermoFisher) were transfected by the calcium phosphate coprecipitation method and by using Lipofectamine RNAiMAX (InvitrogenLife Technologies). Retrovirus-mediated gene transduction was performed with murine stem cell virus vectors. Hematopoiesis was assessed through clonogenic, LTC-IC, and LTR activities. The recombinant RDCOXB4 complexes were purified from Sf9 transfected with the baculovirus vectors and subjected to the in vitro ubiquitination assay. The statistically analyzed results are shown with SEM. A detailed description of all of the methods and antibodies used appear in SI Materials and Methods and in Table  S1 , respectively.
